TGOSt LR iR T PR R RS TR AR SR A SAIN T S P R R LR I DY Pt et M SR oA S b 8 %‘iﬁ%ﬁ&&&ﬁ%@ﬁf%
b T e LRS- - . . , o —-.ﬁ
iﬁ?/ | '

OR FURTHER TRAM > 57 o
}UR L\ J.nt' {?
=
LY . .
Lt ‘.\ %
.o |
A0 @ | - - f
I_Q THE GALIBRATION AND APPLICATION OF_FIVEHOLE PROBES / l

:

1

AA

e E MBS AL A M N e

@:‘echnical emgtandum
=10

(/)A L. /Treaste;, Ao M /'xocum .
- /
File No. T™M
January 18, 1978

Contract No.(NPpPp17-73-C-1418 |

Copy No. ﬂ T ) VNJG"S%

L
~—
R e

3\
—

/
’ % A YAE oA Sy el U A Sy Wy, {E‘"
M&#mmmm&mgmmﬁm@mmammmmwmm@az:zwm@maim@mw;mmmmm

DOG FLE copy

AD No.

The Pennsylvania State University
Institute for Science and Engineering
APPLIED RESEARCH LABORATORY
Post Office Box 30

State College, Pa. 16801

APPROVED FOR PUSLIC RELEASE
DISTRIBUTION UNLIMITED

o A —— e aen =

- NAVY DEPARTMENT
NAVAL SEA SYSTEMS COMMAND

78 0619 149
371 007 ;o

e e e e e ot

S A S B TR

i - o e LT Sy e d L T e
A TR i T RN Y -




Al syt b AR T A S

S e A R v B B S o B S s o R P B B A i D 3 A e T S SIS R R R R S Al v sl

e
Y
} &
] UNCLASSIFIED 5
SECURITY CLASSIFICATION OF THIS PAGE (When Dsta Entered) 2%
READ INSTRUCTIONS b
REPORT DOCUMENTAT'ON PAGE BEFORE COMPLETING FORM %
£ 1. REPORT NUMBER (V4 2. GOVY ACCESSION NO.| 3. RECIPIENT’S CATALOG NUMBER
. x|
™ 78-10 z
é W 4. TITLE (and Subtitio) 5. TYPE OF REPORT & PERIOD COVERED §
N THE CALIBRATION AND APPLICATION OF FiVE-HOLE Technical Memorandum g
; - PROBES (U) 6. PERFORMING ORG. REPORT NUMBER %
: £
g T AUTHOR(S) B. CONTRACT OR GRANT NU?(‘) %%
i A. L. Treaster and  A. M. Yocum NO0017-73-C-1418 . %
2
TON N A T, TAS )
9. PERFORMING ORGANIZAY I‘Oh NAME AND ADDRESS 10 :ggiR&AwOERLKEU'ErTTNF:JRkioé,EEISS ASK %
Applied Research uaboratory\/ 2
P. 0. Box 30 g
State College, PA 15801 b
t1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE %
Naval Sea Systems Command January 18, 1978 %
Washington, DC 20362 13. NUMBER%;fAGES %
¥
V4. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Olfice) 15. SECURITY CLASS. (of thia report) %
UNCLASSIFIED £
2
15a, DECL ASSIFICATION/ DOWNGRADING ’:?‘3
SCHEDULE v B
- 16. DISTRIBUTION STATEME..T (of this Report) i ::;
. . ., D"
. Approved for Public Release. Distribution nlimited. boa
Per NAVSEA - January 31, 1978 ) %
- H %
3 Z
E 17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different {rom Report) ' %
%
4
18. SUPPLEMENTARY NOTES b
5
Presented at 24th International Symposium, Albuquerque, New Mexico %
’ 19. KEY WORDS (Continue on revorse side if necessary and identily by block number) <
; five-hole probe i 3
: flow measurement %
; calibration :
§
: N\\\
H 20. AQ%RACT (Continue on reverse side if necossary and identify by block number) R
- (U) ¥ In many complex flow fields such as those encountered in turbomachines,
the experimental determination of the steady-state, three-dimensional
characteristics of the flow field are frequently required. If space
- limjtations or other considerations make nulling techniques impractical,
five-hole probes in a non-nulling mode can be employed. However, this
application requires complete three-dimensional calibration data which -4§>yub?47*“
. 140 "y

A&~ UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered”

] > J
DD ,52:".,, ]47§’ {edimon oF 1 N4v 65 15 SOLETE

ree

oy — T




IR SRR I SRR SR IR DA S R e R SRR R RN TR R G R A M R R B R R BRI (R

i dresd

o

¥y

UNCLASSIFIED

A%

&URITY CLASSIFICATION OF THIS #AGE(Hhen Data Entered)

3

are not usually supplied by commercial vendors. Presented in this paper

are the results of programs to calibrate and employ five-hole probes of

both angle~tube and prismatic geometries. Included are descriptions of

the calibration technique, typical calibration data, and an accompanying
discussion of the application or interpolation procedure. Also documented
are the variations in the calibration data due to Reynolds number and wall
proximity effects. Typical measured data are included and, where applicable,
these data are validated by comparison with data obtained using other types
of velocity measuring instrumentation.

e e A A N R e S S AR A s

ACBESSION for ,
nTiS White Section kg %

Do Bull Section D ’ g

UNANHOUNCED o 2

JTS3 (TN {1 i ’ .

' A L ¥
DISTRIBOTION/AVAILABILITY CODES §

- Dist,  AVAIL. andjor SPEGIAL ) %

3

.,;,‘.‘ i

STl it

e

s,

;fg
-

e wRE R R e e b S

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




AR

B R S R R AR BB i [P Ao dR U e Yo o R R R R A T SR A

B
CRRNAT RSO R &

%
& %
%
i =
, 3
Subject: The Calibration and Application of Five~Hole Probes L
=
References: See page 27. §
Abstract: In many complex flow fields such as those encountered in £
turbomachines, the experimental determination of the steady- "%
state, three-dimensional characteristics of the flow field %
are frequently required. If space limitations or other %
considerations make nulling techniques impractical, five- %
hole probes in a non-nulling mode can be employed. g
However, this application requires complete three-~dimensional £
calibration data which are not usually supplied by commercial §
vendors. Presented in this paper are the results of f
programs to calibrate and employ five-hole probes of both 2
angle-tube and prismatic geometries. Included are §
descriptions of the calibration technique, typical %
calibration data, and an accompanying discussion of the _g
. application or interpolation procedure. Also documented E
: are the variations in the calibration data due to Reynolds 3
: number and wall proximity effects. Typical measured data &
i are included and, where applicable, these data are 3
“ validated by comparison with data obtained using other 3
types of velocity measuring instrumentation.
- Acknowledgment: This paper has been prepared for presentation at the 24th

International Instrumentation Symposium sponsored by the
Instrumentation Society of America (ISA).

The work was sponsored by NAVSEA Code 03y and NASA Grant
NSG 3031, .

S~




K AR TP AT B oot B R el A B oy e A R T R T B R o S R T A e R D T G DR R e it x:@m?ﬁm@%mwﬁ‘&f*ﬁg‘ﬁ%%

-2~ 18 January 1978
ALT:AMY:jep

Table of Contents

Abs traCt * L * . . . . . . . * . . . - L] L] - L] L] . L] L] . L L] . . L] 1
Acknowledgment . . « ¢ o ¢ ¢« ¢ ¢ o o ¢ o o o o 0 s s s 0 e 0 e e e 1

LiSt Of Figul‘es 4 & 82 8 ® e e e © 8 & s 6 o o 8 & & & 4o e s s o =

Nomenclature . « ¢ ¢« ¢ ¢« o o o o o o o o o

L]
L]
W0 & (V]

INTRODUCT I ON & o e ® e % 8 e e e © o e & o ¢ e o e 5 & & ¢ s & o o

PROBE GEOMETRIES * . . . . L] L) . » Ll . L L] . L] L] . L] * L] * L4 . L .

~

CALIBRATION . . & ¢ ¢ 4 o ¢ ¢ ¢ o o o o o s s s s s o 6 0 06060 9
Discussion . « o ¢ ¢ v s v 4 4t o o 0 s s s s s e s e e e e 9 ;
Apparatus and Procedure . . . . . ; T &
Results of the Calibrations . ¢« « « ¢ ¢ ¢ o & o ¢ o ¢ o o o « 12

APPLICATION . . & ¢ o o ¢ o o o o o o o o o« ¢ s a ¢ o s o o s o+ 15

THE EFFECTS CF REYNOLDS NUMBER ON THE CALIBRATION DATA . . . . . . 19

WALL PROXIMITY EFFECTS ON THE CALIBRATION DATA . . . ¢« ¢ ¢« « ¢ « o 21

EXPERIMENTAL APPLICATION « . & & o ¢ o o ¢ o o ¢ o o o o o o s o o 24

SUMMARY & ¢ ¢ o o o o o o o o s o o = o o o o o o o o o ¢ 3 ¢+ 25

References . « ¢ ¢« o o o ¢ 4 o o s o s o s o o o o o6 s s s o o

AppendiX A & ¢ ¢ 4 4 ¢ e 4 b e e s s e s s s e e e o e s e e e s s 28

FIgUIES & ¢ o ¢ o o o o o s o o s o o o s s 0 0 o o 0 0 0 0 9090+ 34

;g
3
g
%
o
g
3
=
3
3
Iy
i
3
E
%
£
£
3
i
A
5
é
)
§
-
i:g
E
%
B
%
:
E
.




E%g&?&é@%@%ﬁﬁ%@ﬁ%%ﬁﬁﬁﬁﬁﬁ S T A A P TR R S AW S Tt R S R T SRR RS S R S S e i B e oV

=3
"
&
=
3

-3~ 18 January 1978
ALT:AMY:jep

o e B o pERE AN E R LT 4
S S I s Gk G

List of Figures

i oo

Figure No. Title Page %
1 Geometry of the Angle-Tube Probes . . . . . . « + « 34 %
4

2 Geometry of the Prism Probes . . « « « ¢« « « « « « 35 |
' g

3 Typical Five-Hole Probe Geometries . . « + « « « « 36 2
4 The Yaw-Pitch Calibration Device . . . . . . . . « 37 %
5 Water Tunnel Calibration . . ¢« . ¢« 4 ¢« ¢ ¢« ¢« ¢ &« « 38 %
X 6 Calibration Schematic (Open Jet Facility) . . . . . 139 2
; 3

7 Typical Calibration Data CPyaw vs Cppitch .« e s o s 40 g
#

8 Typical Calibration Data Cpstatic VS 0 « o o o« « o &1 %
9 Typical Calibration Data Cptotal VS @ o o o o« » o o 42 %
10 Typical Reynolds Number Effects on the Calibration g
Data (Cppitch) ¢ e e 4 ¢ & 6 e & o s+ e & & e s e o 43 g

11 Typical Reynolds Number Effects on the Calibration ,§
Data (Cpstatic) T Y 4 %

i

12 Typical Wall Proximity Effects on the Calibration %
DAtA .+ 4 o ¢ ¢ o o o 4 o o « s s o s s 0 e e s e+ b5 g

kA4

13 Typical Wall Proximity Effects on the Calibration z
Data * - - L] - - . L] » . . » L] » . . - . . > - » L) 46 g

%

14 Typical Wall Proximity Effects on the Calibration %
Data L) - . * L] L] . L] . . L L] L] L) . L) L] L] . - L] L] L] 47 ‘:é

15 Rotating Five-Hole Probe Wake Rake Installed on %
the Modified Surface Ship Model . . . + + « . . .« . 48 %

16 Typical Surface Ship Circumferential Wake Survey . 49 i
17 Comparative Boundary Layer Surveys with Three 5

&
o

S ond

{ Types of Instrimentation . . o « « « ¢« o o« ¢ » o « 50

18 Comparative Propeller Wake Surveys . . « « « » « o« 51

SR,

oy ?,.“’

A%

. . - - L. e - N - . . 2
- R » . L cu . I I e N~ T zas ok v T A s
Cors 3y emiis R e e ORI i ¥, RS - F A g et




o PAATE IR s D e R L0 2

CPpitch

cPstatic

CPtotal_

Cp

yaw
d

Pref

Ps*atic

Ptotal

o

<

T ——TI
A

G

b

-4~ 18 January 1978

ALT:AMY:jep

Nomenclature

pitch coefficient defined by Equation (2)

static pressure coefficient defined by Equation (4)
total pressure coefficient defined by Equation (3)
yaw coefficient defined by Equgtion 1
characteristic probe diameter, ft

an average pressure defined by Equation (5), psfa

pressure measured at the central probe hole (Figures (1)
and (2)), psfa

~ 5 PR P
T L A AR T D RN R S R R R AL TR e R L

pressures measu-ed in the yaw plane (Figures (1) and (2)), psfa

'%%mm&%mﬁmmmmmmmmwmgmmmmmmwMWWWMMmmﬁmmMMMMMw

pressures measured in the pitch plane (Figures (1) and (2)),
psfa

any numbered pressure, psfa
a reference pressure, psfa

the true, local static pressure at the sensing element, psfa

the true, local total pressure at the sensing element, psfa

(V,°d)/v = Reynolds number

the magnitude of the velocity vector at the probe sensing
element, £ps

reference or free stream velocity, fps

the three orthogonal velocity components defined in Figures i
(1) and (2), fps

angle in the pitch plane, degrees f
angle in the yaw plane, degrees

s

indicates a pressure difference, psfa

e S

fluic mass density, slugs/ft3

kinematic viscosity, ft2/sec
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INTRODUCTION

In many complex flow fields such as those encountered in turbomachines,

P N R R T YR O

the experimental determination of the steady-state, three-dimensional

T VY

characteristics of the flow field are required. If space limitationms,

iRt T ron ey

or other considerations, make nulling vechniques impractical, five-hole

ST o

probes in a non-nulling mode can be employed for measurements in low speed,

tets]

incompressible flows. This application requires three-dimensicnal calibra-
3 tion data which are not usually supplied by commercial vendors. Thus, the
{ measurement of these data and the development ¢f an interpolation procedure

to employ these calibration data become the responsibility of the user.

';&‘ZN"'\{J’V"‘L‘@, RINE PR

The application of five-hole probes is not new but dates back as far as

FEDnab L MK

Admiral Taylor's work ian 1915, Reference ([l]. Other work followed; but

Pien, Reference {2], was the first to show theoretically that for a
spherical probe the velocity component in any plane in space can be
obtained independently from three pressure measurements in that plane.
Although this potential flow solution is valid for perfectly formed
spherical probes in inviscid flows of restricted angularity, Pien found
it necessary to obtain experimental calibration data. The initial pro-
gram employing five-hole probes at the Applied Research Laboratory of

The Pennsylvania State University involved the measurement of the three-
dimensional wake in the propeller plane of a surface ship model installed
in the test section of the 48-inch diameter Garfield Thomas Water Tunnel,
References [3] and [4]. Since the probes employed in this study were of
angle-tube and prismatic geometries, the approach of Krause and Dudzinski,
Reference [5], which includes geometric and viscous effects was most appli-

cable, However, this method required extension to enable the measurement of
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the local pressures and the magnitude and direction of the corresponding

- velocity at the probe tip.

R > e o

AP

Because the p::)s of the ARL/PSU five-hole probe program were application

PALTE)
v

oriented, the o¢bjectives of the five~hole probe phase of the program were

L yCamtes

Sty

rather pragmatic in nature. Primary objectives were specified in

it

three areas: (1) calibration: to develcj the necessary hardware and

exrerimental procedures to use existing test facilities for the

calib.ar‘on of the five-hrnle probes; (2) analysis: to develop

int ernoias" - and data reduction procedures which use the calibration
data a:.< v.. measured pressures to define the velocity vector at the

probe tip; and (3) measurement: to survey known and unknown three-

dimensional flow fields.

Discussed in the following pages are the probe design considerations,
the calibration device, the calibration procidure, the comparison of
calibration data for different geometries, and the data analysis

techniques employed in the development of the five-hole probe system.

e e A B RN M K A A o R A S R D S SR 2 s s efit P T T e )

SR

Because calibration data should be independent of measured quantities,

the effects of Reynolds number variations were assessed by calibrating

S T e T ST AU P

é—;«-‘t

the prism probes in ..r over Reynolds number range of 2000 to 7000.
The angle-tube probes were calibrated in water at a Reynolds number
of 20,000 and in air at 8400. Alsc investigated was the effect of
wall proximity on the calibration characteristics. Both types

of probes have been used in subsequent programs; characteristic results

are included.

T TTERET)
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PROBE GEOMETRIES

AL e
SHENG

As the name implies, five-hole probes are characterized by five pressure
sensing holes lying in two perpendicular planes with the line of inter-
secticn of the two planes passing through the central hole. Two

different hole arrangements are diagrammed in Figures (1) and (2)

RS R M S S

BahE

where the pitch and yaw plamnes are also identified.

N e S B A e A R e S VA T s s Rl

Five ‘hole probes are cemmer:ially available in several coniigurations;
namely, spherical, conical, prismatic, etc. Five different probes
that have been used at the ARL/PSU are shown in Figure (3). The
primary emphasis in this paper will be placed on the results obtained
widile using the commerciaily available 0.125 inch (0.318 cm) diameter
prism probe and the angle-tube probe. The angle-tube probes were
fabricated at ARL/PSU according to the criteria presented in References
[] and [6]. The probe tip was made from five pieces of 0.050 inch

(0.127 cm) diameter hypodermic tubing which had an assembled diameter

of 0.150 inch (0.381 cm). The tubes were bonded together with soft

solder. Tangential, epoxy fillets between the tubes were hand formed
to acceptable hydrodynamic contours. A 0.250 inch (0.635 cm) diameter

supporting member of clrcular cross section was chosen to avoid possible

angle-of -attack errors which may be introduced with a more streamlined
shape. The probe tip was located four support diameters upstream

of this member to avoid support interference effects. The support
was extended four support diameters beyond the tubing to improve

the flow symmetry at the probe tip.

The genmetry of the prism probe facilitates its use in turbomachinery

research, since it can be easily inserted through casings and used

e s e . N -
x: Py - H sl _ L= B - . f o e R (I e - - - - : e Pl
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in studies where spatial restrictions are present. The geometry

S

=

- of the angle tube probes has generally limited their use to studies &

where the presence of flow boundaries has not been a problem. 3
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CALIBRATION

Discussion

The five-~hole probes employed in this study were used in a fixed

position or non~nulliné mode. This means that relationships must

be determined between the measured pressures at the five holes and

the true, local total and static pressure or velocity. These desired
relationships are usually expressed as dimensionless pressure coefficients,
which are functions of the flow angularity. Since, when in use,

the flow angles are unknown, relationships between the five measured

probe pressures and the flow direction are also required.

It would be advantageous if the calibration characteristics of a
five-hole probe could be determined by analytical procedures. For
probes of spherical geometry, a potential flow solution can predict
the pressure distribution and the corresponding calibration characteristics
to a reasonable accuracy. However, due to manufacturing inaccuracies
and to operating range and accuracy requirements encountered in

the laboratory or field conditions, calibrations are required for
probes of this simple geometry. For probes of angle-tube or prismatic
geometry, analytical procedures of any type are difficult. These
complex geometries, characterized by abrupt changes in contour,

are subject to viscous effects which are not modeled by current
computational techniques. Thus, the only mathematical consideration
at this stage is how to represent a given probe's response character~

istics to a known flow field.
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For operation in the non-nulling mode, it is apparent that the calibration
characteristics must include data that represent pressure differences

in both the pit:i and yaw planes, Figures (1) and (2), as well as
differences between the measured anc the true local total and static
pressures. The pnessuie coefficients representing these data must

be defined so that they are independent of velocity and are a function
only of the flow angularity. Krause and Dudzinski [3] found chat

an indicated dynamic pressure formed by the difference between the
indicated total pressure, Pl’ and the averaged value of the four
indicated static pressures, P2, P3, P4 and P5, was a satisfactory
normalizing parameter. It was demonstrated in Reference [6] that

this normalizing parameter reduced the scatter in the calibration

data as comparxed to using the true dynamic pressure. This is convenient,
since using the true dynamic pressure would have introduced an unknown

quantity. The four calibration coefficients are defined as follows:

*CR o = (PymP3)/ (B1-P) )
CPoiech = (P4~Ps)/ (By~P) )
CProtar = 1 Prota1’’ (By-P) (3

CPgraric = PPgraric)/ 1P “)
P = (P +P R +P ) /4 . (5)

The pitch and yaw planes are illustrated in Figures (1) and (2). Their

%
all terms are defined in the nomenclature
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orientation relative to the probe is dependent on the device used

to position the probes during calibration. The "yaw-pitch" device
shown in Figure (4) was used in a uniform flow field and permitted
first a rotation of the probe about its longitudinal axis; i.e., a
change in yaw angle, B. The probe was then tilted forward or backward
providing a change in pitch angle, 0. An alternate approach would

be to use a "pitch-yaw" device which permitted a pitching motion followed
by a yawing motion. Either approach is satisfactory if the user is
consistent in the resolution of the velocity vectors, Figures (1)

and (2). For both calibration and application, the probe's reference
line is defined by some consistent characteristic of the probe's
geometry. In application a reference direction obtained by balancing
P2 with P3 and P4 with P5 is not always meaningful since initially

a known flow direction would be required to relate the balanced condition

to an absolute spatial reference.
Apparatus and Procedure

The previously discussed "yaw-pitch" calibration device, which is

shown installed in the circular test section of the 12-inch diameter
water tunnel, Figure (5), permitted a *30° rotation in both pitch

and yaw. Because uniform flow fields were available in the 12-inch
diameter water tunnel and an open jet facility, a more complex device
which would have maintained the probe tip at a fixed location was

not required. During the calibrations conducted in the open jet
facility, precautions were taken to insure that the probes were located
in the potential core of the jet. The velocity in the test section

of the water tunnel and in the potential core of the jet, Reference [7],

1
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the reference static pressure was recorded by a wall pressure tap in the test

ALT:AMY:jep
had been shown by previous studies to be uniform within the accuracy of the

3 experimental measurements.

2

: - :

ﬁ A schematic diagram of the instrumentation for the open jet calibrations is 3

3

% shown in Figure (6). The reference total pressure was measured in the upstream %

é settling section, and atmospheric pressure was used as the reference static pres- %

g sure. A similar arrangement was used in the water tunmnel calibrations except, %

é %
2

section.

3:

To conduct the calibration of a given probe, the test velocity was maintained at a
3 constant value. For calibration conducted in the 12.0-inch diameter water tunnel,

the test section pressure was set at a value that was high enough to avoid cavita-

B SR NES R AT

tion at the probe tip. The probe was positioned at one of the predetermined yaw

angles and then moved in prescribed increments through the pitch angle range. At
each of the calibration points, the seven differential pressures indicated in

Figure (6) were recorded and processed on an IBM 1130 computer. The data reduction
program enabled the calculation of the four previously defined pressure coefficients,
the test section velocity, and the Reynolds number based on the probe tip diameter.
Each probe was calibrated three times; the resulting voltages were repeatable with-
in two percent of the voltage corresponding to the maximum dynamic pressure. The
final calibration characteristics were the mean values of the coefficients computed
from the three individual runs. A statistical analysis of these data based on a
typical probability curve indicated that the 90 percent error of the mean was less

than 2.25 percent of the maximum value of each coefficient.

S A S D R R A B A B T I A

y2

Results of the Calibrations

i A complete set of calibration data for both probe geometries are pre-
- sented in Figures (7), (8) and (9), where the graphical data have

been represented by spline curves, Reference [8], passing through

PV AU
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thz individual data points. Shown in Figure (7) are grids of CPvaw

versus CPpitch’ where the nearly horizontal curves are curves

of constant B and the nearly vertical curves are curves of constant
a. Figures (8) and (9) show the variation of Cpstatic and CPtotal

with o for constant values of B.

Basically, the calibration data for the two probes are similar; the
differences can be primarily attributed to geometric characteristics.

One difference is indicated by the comparison of the two CPpitch

versus Cp aw grids, which show that the prism probe has a much smaller

range of CPpitch values. This reduced range will result in an increased
sensitivity of the prism probe to small flow variations in the pitch

The velocity component in this plane may, therefore, exhibit

wam&%aﬂﬁﬁﬁﬁmﬁﬁhuﬁmﬁ&gmm&ﬁm&ﬁ&@&ﬁ&ﬁ$ﬁ&ﬁﬂmﬁmﬁr*%&ﬂuﬁﬁﬁaﬁm%%@mmwwgaﬁmﬁ

plane.

more data scatter.

The smaller range in CPpitch is attributed to the different types of
surfaces on which the holes in the two planes are located. At large

yaw angles, one hole in the yaw plane is approximately aligned with

A e S P R T e

the flow and senses pressures near the free-stream total pressure.

The other hole senses a pressure much less than the free-stream static

%
%

pressure, due to the acceleration of the flow around the probe,
For the prism probe, however, the holes in the pitch plane have
a different response. At large pitch angles, one hole again
senses a pressure near the free-stream total pressure, whereas
the othe{ hole senses a pressure that is greater

than the free-stream static pressure. This latter pressure may be

higher due to a lower local acceleration and pressure recovery in

the separated flow. Thus, the pressure difference sensed by the holes

in the yaw plane exceed the difference measured by the holes in the

> S G S Sy
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pitch plane. The resulting pressure coefficients reflect these

R A B A b ;mwﬁ

Gissosehaieshie,

differences.

The other major difference between the response of the two types of

4
b

probes is that the Cpstatic response of the prism probe, Figure (8),

is somewhat skewed with respect to that of the angle-tube probe.

The central hole of the prism probe is located only two probe diameters
from its tip and is probably subject to complex end-flow effects.

Whereas, the angle-tube probe had an extended support to improve flow

symmetry.,

Other repeatable nonsymmetries appearing ir the data apparently resulted

from the inability to fabricate a symmetric probe. Differences between

the calibratior characteristics of different probes of simiiar size

"%ﬁﬁmé&wv%#&mmm%ﬂwmﬁ@%%%&ﬁ%ﬁ&%&&%ﬁ@&ﬁﬁﬂﬁmﬁwmﬁ

and geometry were also observed. These observations emphasize the £
i
need to individually calibrate each probe. i
b
3
All calibration data were repeatable within the two percunt of the ki
N
reference dynamic pressure when subjected to recalibration. These z

» ‘F_‘zn

data consistently described the response of a particular probe, and

thus, permit the successful application of the five-hole probes in

a non-nulling mode.

R 2 - .
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APPLICATION

When used in the non~nulling mode of operation, the five-hole probe

provides five pressure measurements via a differential pressure

transducer. These pressures are usually .ecorded relative to some

< reference pressure, P _; i.e.
¥ p 9 ref, 9

o £ A RS

i

AP, =P - P (6)

where the subscript "i" refers to the subject pressure. Local total

ISR A o e by o ey v

and static pressure, pitch angle, yaw angle, and the three orthogonal

velocity components can be computed from the probe data and the

I g S NP, i e e i iy
by R S S N

measured reference pressurc. The interpolation procedures to perform

e

—

these calculations have been computer-adapted and rely on the use of

: spline curves for all data specification.

The values of o and B are calculated from the grid of CPyaw versus
Cp . The values to be determined from the calibration data

pitch
§§ are a function of two independent variables, and thus a double
8 : interpolation procedure is required. Using the measured data, CPyaw
and Cppitch can be calculated from Equations (1) and (2). These
experimental coefficients are represented by the "primed" superscripts,

i.e., céyaw and Cépitch' Individual spline curves ar< passed through

the CPyaw versus CPpitch calibration data for each value of B. At
cépitch’ the corresponding values of chaw are interpolated from the
spline curves yielding the variation of B versus CPyaw' This

resulting monotonically increasing function, when evaluated at

?J
o
E2)
.
4
5
:
2
g
%
=
:
3
:
=]
j%
2
3
-l
E
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Céyaw’ yields the experimental local flow angle in the yaw plane, B'.

NS

bt 3o AL S AR P ey R O S AR

r

By interchanging the dependent and independent variables and forming

the functional relationship between a and CPpitch for a constant value
of cﬁyaw’ the experimental value of the local pitch angle, o', can

be determined.

From o' and B' the experimental value of the static pressure coefficient,

Cﬁ , is obtained from the second part of the ~alibration data.
static

Individual spline curves are passed through the CPstatic versus Q

data for each value of B. At o', the corresponding values of CPﬂtatic
are interpolated from the spline curves yielding the variation of
]
CPgratic VErsus B. When the resulting curve is evaluated at B', the
1
experimental value of the static pressure coefficient, cPstatic’ results.
The experimental value of the total pressure coefficient, Cétotal’

is evaluated in the same manner using the third graph of the calibration

data.

When the absolute value of the reference pressure is recorded, the

total and static pressures at the probe tip can be computed from CPtotal

N
%
3
=
g
¥
%
)
g
%
%
B
%
=
:
J\%:E
%
S

and cPstatic’ respectively.
1 - %
= - <A 4
CPtotal (AP1 APt)/(APl P) ) §
Z
and 3?
5

%
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APt = Ptotal - Pref (8)

Thus,

P P+ BB - Ch (AP -F) . 9

total = ref

In Equation (9), all terms on the right of the equal sign are measured
values except for Cétotal which was determined from the calibration

data. In a similar manner, the static pressure is computed as

=P__+ AP ~ Cp (API-A'I?) . . (10)

P .
static ref static

o N e R o R O e R R R S R et T

By using Bernoulli's equation, the magnitude of the local total velocity

vector is

= -2- _
V= -\ﬂ ®rotar Pstatic) : an

h&ﬁﬁ%ﬁﬂmmmmwmmmmmmmw4%&%&

By proper manipulation of the above equations;v could also be calculated

o
o

7 W b o v

directly from cétotal and Céstacic'

}1/2 (12)

V = {(2/p) (4P, ~0F) (14Cp_, . ~CB. . .)
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=
#

N
b

When Reynolds number or wall proximity effects are present, they are

included as corrections to the calculated static pressure coefficients.

The manner by which the velocity is resolved is dependent upon the

order of rotation employed during the calibration, i.e., upon the

T i o G

type of probe holder employed. The two corresponding sets of equations
are presented in Figures (1) and (2) where the spatial orientation
of the velocity vectors are illustrated. A more mathematically rigorous

approach to the velocity resolution is discussed in Appendix A.
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THE EFFECTS OF REYNOLDS NUMBER ON THE CALIBRATION DATA

) Meaningful calibration data should be independent of the measured

m@waﬁmmmwmf&ﬂ&&%@#m%

—
ppe vy s

quantities. In most five-~hole probe applications, velocity is the

n

primary parameter to be measured; thus, the effect of changes in

Reynolds number, Rh, on the calibration data should be evaluated.

Lo e

To investigate these effects the prism probes were calibrated in the

open jet facility over an Rn range of 2000 to 7000. The angle~tube

probes were calibrated in the water tunnel at Rn=20’000 and in the

open jet facility at Rn=8400.

For both types of five-hnle probes the total pressure, pitch and yaw

s N T RO A Y o wram o o b

coefficients were essentially uneffected by the Reynolds number variation.

Whereas, a measurable change in the static pressure coefficient was

P

PG

observed for both probe geometries. Typical results for the prism

iy

(F

SRR R Sl 1

probes are shown in Figures (10) and (11). As an example, the effect

of an Rn variation from 3000 to 7000 at a=30, B=20 is shown to produce

a maximum change in measured static pressure of 5.5 percent of the

o

dynamic head and a 2.8 percent change in the velocity measurement.

%

To account for the dependency of the static pressure coefficient on
the Reynolds number, a three parameter calibration in terms of a,

B, and R.n would be necessary. In application, a corresponding iterative

A
7 Ta

procedure in terms of the unknown Rn would be required. These complications

Xy

limit the practicality of the probes if they are to be used in studies

Jisee,

Sk

- characterized by large Rn variations. However, ceveral approaches

are possible: omne is to calibrate at the expected Reynolds number,

another is to determine correction factors from the calibration data

and to apply these as average values over small Rn ranges, This latter

;
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approach is justified due to the relatively weak dependence of CpStatic

Both of these approaches are currently being employed.
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4

WALL PROXIMITY EFrECTS ON THE CALIBRATION DATA

The experimental investigation of wall proximity effects on the calibration

characteristics of the prism probes was conducted in the presence

of a sharp-edged flat plate that spanned the working area of the open

jet facility. With the flat piate mounted parallel to the flow and

8 with the measuring station located 5.0 inches (12.7 cm) downstream
of the leading edge, the local boundary-layer thickness was small compared

f to the probe diameter. Thus, any chanzes in the calibration characteristics

kR AR S e B

in the proximity of the plate were attributed to a probe-plate potential

flow interaction as opposed to boundary-layer effects. It sbould

be noted that errors in boundary-layer measurements are primarily

a function of the local velocity gradient and the size and spacing

R e R RS

of the holes. This implies that the problem in boundary-layer measure-

e R

ments is one of probe selection and not one of calibration.

F Calibrations were conducted at Rn=7000 for the probe both approaching

and being withdrawn through the plate. For both installations, 8

A AN e ety

was varied from -30° to +30° at each of the selected measuring points

£
e

while maintaining 0=0° and a perpendicular probe-plate orientation.

These latter restrictions were recessary; since, with the present

apparatus, it was impossible to change the flow angle, o, without
also altering the orientation of the probe with respect to the plate.
Although the effects caused by a wall may be a function of both a
and B as well as the distance to the wall, the pitch angle could

not be varied without introducing the probe-plate orientation as

an additional variable, Thus, to apply the wall effects data the
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assumption must be made that the probe response is independent nf

pitch angle. This assumption appearc reasongble frow observations

of the available data. Figures (12) and (14) show that the Ehanges

in calibration data as a function of distance are quite similar for

the various yaw angles test2d. This suggests that the wall proximity
effects are primarily a function of distance only. Additional investi-
gations in this area would require an apparatus capable of changing «
whilc maintaining the same probe-like orientation. For calibrations

with the probe approaching the plate, only the static pressure coefficient

was altered. A representative variation of Cp with probe-to-

static
plate spacing is shown in Figure (12). For the other configuration in
which the probe was withdrawn through the plate, all calibration
coefficients were altered wichin two probe diameters of the plate. These
effects are illustrated by the praw and Cpstatic data shown in
Figures (13) and (14), respectively. This observed variation in all
coefficients makes these probes essentially impractical for measurements
when the center hole is within two probe diameters of the wall. Thus, a
limitation of two probe diameters is imposed as the probe is withdrawn

through a wall; whereas the probe's geometry imposes a physical limitation

of the same magnitude as the probe approaches a wall.

Restricting the use of the probe to distances greater than two probe
diameters does not eliminate all wall interaction effects. Figures

(12) and (14) show that Cp is still affected at greater distances.

static
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These effects of the wall, when limited to CPstatic only, can be incorporated

in the data reduction program in a similar manner to that used for the

Reynolds number effects.
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EXPERIMENTAL APPLICATION

e TR

o

As implied by previous statement., the five-hcle probes were first

applied at ARL/PSU to measure the three-dimensional wake occurring %
¥

&

in the propeller plane of a surface ship model. 1In this case six %
. %
individually calibrated angle-tube probes were assembled in a rotating %
' 3

2

wake rake as snown in Figure (15). Typical results of a circumferential

P!

survey at one radial position are presented in Figure (16) and compared
with towing tank data obtained using a 0.375 inch (0.952 cm) diameter

spherical five-~hole probe.

Pregented in Figure (17) are the results of boundary layer surveys

conducted in air on an elliptic body of revolution. These surveys
were made with a boundary layer rake, a hot wire sensor, and a 0.125

inch (0.318 cm) diameter prism probe. Additional comparative data

are shown in Figure (18), where the flow immediately downstream of

a rotating blade row was surveyed with both a laser doppler velocimeter

and a prism probe.
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| § SUMMARY
'5; ) Probes of angle-tube d2sign manufactured at ARL/PSU and commercially
@%g available prism probes were calibrated in the 12-inch diameter

ig water tunnel and the open air jet facility. The probes were g
;?‘ individually mounted in a calibration device which permitted a *30° %
%g variation in both pitch and yaw angle with respect to the known %
:gi velocity. The response coefficient measured at each angular §
1 =
~§é settling, when mathematically connected by spline curves, defined %
.;é the calibration grids for each probe. §
2%; For calibrations of this type to be meaningful, the calibration data é
gg must be repeatable and independent of the measured quantities. Each §
é% probe was calibrated three times to demonstrate the repeatability i g
?gﬁ of the data and to permit the averaging of the data to furtcher reduce §
:gé the minimal data scatter. Additional measurements were conducted %
;i to assess the influence of Reynolds number on the calibration data. §
i 2
»%E For the range of Reynolds number employed, no effect was measured §
‘gi on the pitch, yaw, or total pressure coefficients; whereas, the %
%g static pressure coefficient showed sufficient change to cause minor g
§W variations in the magnitude of the calculated velocity vector. <§
%é However, average correction factors were incorporated into the data ‘§
;? reduction procedures to account for these variations in the sratic %
§§ nressure coefficients. '§
%% § Also investigated was the effect of wall proximity on the calibration <§
é? ; da*a obtained for the prism probe. Calibrations were condgcted fer f
l § i a probe approaching normal to a flat plate that had been aligned parallel &

%
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to the reference flow. Only the static pressure coefficient exhihited

g

K
4
Q
5y
2
5
&

N

- significant changes, For the prcbe being withdrawn through the
plate, all calibration coefficients were altered with two probe
diameters of the wall; however, at distances sreater than two p-:obe
diameters from the wall, only the static pressure coefficient was influenced.
These wall interference corrections were also incorporated in the
final data reduction program which uses a spline curve interpolation
procedure to calculate the three cylindrical velocity components

from the five measured pressures.

The probes have been used to survey the three-dimensional flow fields
in the propeller-~planes of surface ships, as well as in the inlet
and exit planes of other rotating blade rows. These results

agreed waell with data measured by other types of probes and velocity

measuring instrumentation.
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Appendix A

Vector Resolution

e S e T R, m&mﬁiﬁ

In this appendix an analytical development of the vector resolution

; equations shown in Figures (1) and (2) is presented. The question to be ; %
é answered is: What are the R, 8 and X components of a vector V at angles g g
g o and B with respect to the local probe axes? From Figures (1) and (2) %%
§ it is obvious that this question has two answers which depend on the 3%
g definition of the pitch angle a and the yaw angle B. Defined in Figure %

”

B e R R s o e B g

(1) is the relationship between o, B and V‘resulting from calibrations

e

where the first rotation was in the yaw-plane followed by rotation in

hg the pitch-plane (yaw-pitch mode). The alternate rotational procedure

Lg » (pitch~yaw mode) is defined in Figure (2). TFor either mode of operation

the resulting equations can be developed from the orthogonal tfansformation

procedure discussed in Reference [10].

Consider any vector V whose components are Vl, V2, V3 in the

- o

original, or unprimed coordinate system and Vi, Vé, Vs in the primed or

rotated coordinate system. It can be shown that the primed components

S R R R T SR ey

can be computed from

rundi as s

-

Vi=layvy (18)

3

ég

; where the aij's are the diretion cosines defined by B
b = 1 5
,{ 853 cos(xi,xj) . (24) E
;é The symbol (xi,xj) represents the angle between the positive direction %
:; 3

- of the axes Xi and Xj. The vector resolution for data obtained from <%

NSt
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probes that were calibrated in the yaw-pitch mode will be examined
first.

Vector Resclution for Probes Calibrated in the Yaw-Pitch Mode

Let V be the reference velocity in the positive X, direction of the

3

original axes syséém; i.e., Vl=0.0; V2=0.0 and V3¥V. The first rotation

is a yawing motion about the x1 axis of magnitude B. The goemetry is

X, ?

4
X

illustrated in Figure (14).

X3
“/// Figure (1A)
7

Thus,
a) = cos(Xi,Xl) = cos(0°) = 1.0 ’
a5, = cos(Xé,Xl) = c0s(90°) = 0.0
as; = cos(xé,xl) = cos(90°) = 0.0
a,, = cos(xi,xz) = cos(90°) = 0.0
ay, = cos(xé,xz) = cos(B) = cosf r . (3A)
a,, = cos(Xé,xz) = cos(90°+R) = -sinf

i

= ' ° =
aq cos(xl,x3) cos(90°) = 0.0

= cos(Xi,X cos(90°-B) = sinf

353 3)
aj3 = cos(Xé,X3) = cosB
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From Equation (1A) the components of V in the rotated axes system are

3 szmy»x e 40 .

Y ' = =

i Vi=a;; Vpta, Vy+a, V=00 (4A)

3 p—

’( 1 = =
L; Vo =3y Vit ay, V,tay, V=V sinB (54)

' =V ' '
3 V3 a5y Vl + as, V2 + 849 V3 V cosB . (6A) i

For the yaw-pitch calibration the next rotation is a pitching motion

R o e

about the Xé axis of magnitude a. This final axes orientation will be

denoted by the double primed symbols. The geometry is shown in Figure (24).

viT
x \j X
\

R RS

X% XY Figure (2A)

A A O R o A S R e B i e A e o A L R A A R A A

a), = cos(X",Xi) = cosol ’
a5, = cos(xg,Xi) = cos(90°) =
a; = cos(X" 1) = cos(90+a) = -sina %
a), = cos(X",Xé) = cos(90) = §
: a,, = cos(x" 2) = cos(0) = 1,0 ¥ . (74) %
; aj, = cos(x',xé) = cos(90) = 0.0 ‘§
8,4 = cos(X" 3) = cos(90-a) = sina %
T 855 = cos(x 3) = cos(90°) = g
agq = cos(x",xs) = cosdl ‘ §

st s s
CR A 2




ks S e TTwmTmTaol S D UL B R C e ey e TR e e s T R R s a3 e A AR A (I A S e A T e e Y,
PR SEE N SUNC RO S R RS S S e e S e e i G e RN
* '

-31- 18 January 1978
ALT:AMY:jep

The components Vi, V;, V; of the original vector V relative to the

RSB «mmmmzﬁ

ot

final axes orientation are obtained by combining Equations (4A) through

&

(7A) via Equation (14).

V; = ali Vi + a,, Vé + a3 Vé = V cosB sina - (84) ;
{ _ :
v " o ) [ L - :
V5 ay, V1 + a,, V2 + a,, V3 V sinf (94) ;
; " o~ t ' [ T
; V3 agy V1 + gy V2 + as, V3 V cosB cosa . (104)

Sy et

In many applications these three velocity components are identified as

X7

S R, s AR R TR R D

™

e

R o s (o AT A T e SR AT e TR

v

follows:

Vp = V; = V cosB sino (114)
ve‘= vy = V sinB (124)
Vx = V.cosB cosa . (134)

For surface ship applications VR is positive when directed radially inward

along the longitudinal probe axis; Ve is positive when directed counter-
clockwise when looking upstream; and Vx is positive in the axial direction

as shown in Figurec (1) and (2). In Figures (1A) and (2A) the direction

of rotation was chosen so that positive vector components resulted.

.

Vector Resolution for Probes Calibrated in the Pitch-Yaw Mode f

The previous procedure is continued in this section; only the order

A o

of rotation is changed. The first rotation is a pitching motion about §

the x2 axis of magnitude a. Again, V is the reference velocity which

has V3 as its only nonzero component. The geometry is shown in Figure

(34).
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X
1
S
< X o
] 3 Figure (3A)
/ 2
' ,
5 - / %3
f’ v ?S
: Since V, and V, are both E
n 1 an 2 re bo zero %
i ' = = ° = C
Vl a3 V3 cos (90 —oc)V3 V sina (14A) g
i - z
kY 5 § &2 = ° = p
: ‘ V2 aq V3 cos(90 )V3 0.0 - (154) %
i . ! = = v "
é . 2 a3 V3 V cosa . (16A) g
: ! gg
For the pitch-yaw calibration the next rotation is a yawing motion %
about the X]'_ axis of magnitude B. The final axes orientation is %
denoted by the double primed symbols in Figure (4A). D3
v' . g
\ 1 i

1 ]
1]
X3/ & X2
]
X3
/ Figure (4A)
1]
V3
I s el ek el e e . S s e sl b e £ %
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aj, = cos(0) = 1.0

a,, = cos (90°) = 0.0 :
- a3, = cos(90°) = 0.0 %

ay, = cos(90°) = 0.0 ?

a,, = cosp I (174) é

ag, = cos (90+B) = ~-sinB

a3 = cos(90°) = 0.0 ¢

a,q = cos(90-B) = sinf %

ajy = cosf

As before, the components V', V!, V" of the original vector V
1 3

relative to the final axes orientation are obtained by combining Equations

(14A) through (17A) via Equation (1A).

T P g oo R e 3 s e o

. _ g
i V] = V sina (184) A
§ V; = V cosa sinB (194)
Vg =V cosa cosf . (204) 3
i . In more usual terminology
t
¢ = y" = v b
y Vg =V] =V sina (214) 3
; Vg = V; = V cosa sinB (224) ‘
. — :
; V. = V! =V cosa cosf . (234) ,4
; x 3 ;
:
. Thus, it has been demonstrated that two different sets of data reduction
equations are required by the two calibration procedures.

e
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Fig. 1-GEOMETRY OF THE ANGLE-TUBE PROBES

' VECTOR RESOLUTION 7~ A PROBE /\

. .CALIBRATED IN THE YAw-PITCH MODE
v, = V cosp cosa

EUALERAE 28 T EL

T4 FAMIPRNT KGN

Vp = V cosp sina
V, = Vsinp
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VECTOR RESOLUTION FOR A PROBE
CALIBRATED IN THE PITCH-YAW MODE

A s

PRISM PROBE

Fig. 2 - GEOMETRY OF THE PRISM PROBES
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ANGLE-TUBE PROBE
o PITCH ANGLE

2
)1
»mmmwww;eﬁ#&mmm%‘mw&@m%@&aﬁ

p pitch

PRISM PROBE |
-30° 0°30° PITCH ANGLE

-

Fig. 7 - TYPICAL CALIBRATION DATA

Cp yaw Vs Cp pitch
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5-HOLE PRISM PROBE
YAW ANGLE = 20 deg

PITCH ANGLE (deg) 7
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L2 PITCH ANGLE (deg)
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PRISM PROBE
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